The pharmacokinetics of gentamicin, kanamycin, and creatinine were studied in patients undergoing hemodialysis. After intravenous injection of single doses of the drugs, 50 to 60% of the doses of both antibiotics were cleared from the body during a 6-h period; this occurred almost entirely by the hemodialysis process. No correlation was found between the dialysance of the aminoglycosides and creatinine. The pharmacokinetic data were used to make dosage regimen recommendations for treatment of hemodialysis patients with these antibiotics. Dosage regimens of antibiotics which are eliminated primarily by the kidney must be adjusted in patients with renal failure to prevent accumulation of the drug to toxic body levels. Aids such as nomograms and computer programs are presently available for dosage adjustments of the aminoglycosides in relation to renal function (5, 6, 8, 9, 13, 18, 20) . These methods are usually based on relating the half-life of the drug to the serum creatinine concentrations or clearances of patients. However, patients who are undergoing intermittent hemodialysis represent a unique problem in drug therapy. The drug dosage regimen must be adjusted for intermittent periods of time when drug removal may occur by dialysis, in addition to other possible nonrenal mechanisms of drug elimination from the body.
One purpose of this study was to examine the pharmacokinetics of gentamicin and kanamycin in patients undergoing hemodialysis with two types of disposable artificial kidneys, by which the dialysis of these antibiotics has not been studied in detail. The major purpose, however, was to assess whether the elimination rate of the two drugs can be related to the dialysance of creatinine. Such a relationship, if existent, could provide a method for adjusting antibiotic dosage regimens in situations where the plasma concentration of antibiotic cannot be measured directly.
MATEIALS AND METHODS
Patient studies. Eight patients who were undergoing routine, intermittent hemodialysis participated in the study. The glomerular filtration rates of these patients were less than 5 ml/min. Six patients were studied with each antibiotic. The diagnosis, studies performed, drug doses, and other relevant information concerning each patient are listed in Table 1 . None of the patients received any other antibiotics during the study and the usual activities and food intake of the patients were allowed. Informed written consent to participate in the study was obtained from each patient.
Two types of dialyzers were employed: the Cordis Dow Artificial Kidney (Cordis Corp., Miami, Fla.), utilizing a single pass technique with regenerated cellulose hollow fibers; and two brands of single path coil dialyzers with Cuprophan membranes (manufactured by Extracoporeal Medical Specialties, King of Prussia, Pa., and Travenol Labs, Morton Grove, Ill.).
Dialysis fluid flow varied between 300 and 500 ml/ min. Blood flow through the hemodialyzer was at a normal rate and was measured by the air bubble transfer time.
A single intravenous dose of one of the antibiotics (0.5 mg of gentamicin per kg or 3 mg of kanamycin per kg) was infused (over 1 min) into the venous return of the artificial kidney at approximately 30 min after the start of dialysis. Blood samples were collected from the blood inlet and outlet of the artificial kidney at 0, 0.5, 1, 2, and 4 h after injection of the drug and at the termination of the dialysis procedure. Samples of dialysate fluid were also obtained at 0, 1, and 2 h, and at termination of dialysis. Six of the patients had slight renal function. In these, the total urine output during the dialysis period was collected and assayed for drug. At least 1 week was allowed between studies for those patients who received both antibiotics. Assays. The antibiotic concentrations in plasma, dialysis fluid, and urine were determined microbiologically by the method of Bennett et al. (5) . Known concentrations of antibiotic were added to each patient's blank plasma which served as the standard curve for assaying plasma concentration of the antibiotics in the individual patients. The concentration of creatinine was measured in the first and last plasma samples and in the urine and dialysis fluid, by the direct colorimetric method described by Heinegard and Tiderstrom (12) . 
where C is the drug or creatinine concentration, with the subscripts indicating i for plasma inlet to the artificial kidney, o for plasma outlet from artificial kidney, and d for dialysis fluid. QE is the effective plasma flow rate as defined by Jusko et al. (14) as QE = Q (1-Hct) * (1-Fb) (2) where Q is the total blood flow, Hct is the hematocrit, and Fb is the fractional protein binding of the drugs.
For all the patients studied, the drug concentration in the dialysis fluid was negligible and the CJC, ratio appeared to be constant. Equation 1 thus reduces to ClD = QE FE (3) .
where FE is the extraction fraction which is the ratio
The pharmacokinetics of both gentamicin and kanamycin can be described with a one-compartment model. The apparent volume of distribution (VD) was determined from the extrapolated zero-time plasma concentration (C,P) using the equation:
The half-life (t/2) can be obtained from graphical data which also yields the elimination constant (kei) and the body clearance (C1B) from k, = 0.693/t4 (6) and ClB = kc, *VD (7) The renal clearance of the drugs (ClR), when existent, was calculated from the 6-h urinary recovery of the drug (X.) and the 0-to 6-h area under the plasma concentration versus time curve: ClR = XJf/I C. dt (8) The latter can be obtained using trapezoidal areas.
These pharmacokinetic parameters were initially estimated graphically as described above. Subsequently, the values of VD, kei, and ClD were obtained more objectively by nonlinear least-square regression using the NONLIN computer program of Metzler (19) . This involved simultaneous characterization of the plasma inlet (Cl) and outlet (C.) concentrations of the antibiotics using the relationships C1= (Dose/VD)-e -e1 (9) and C. = [ClJ(1-QE)J](Dose/VD) * eL t (10) where equation 2 was used to obtain QE. In the latter case, experimental patient values of Hct and Q and literature values of F5 (0.25 for gentamicin and 0 for kanamycin) were included in the computer iterations.
RESULTS
The maximal plasma concentration of gentamicin (obtained from arterial blood at 0.5 h after intravenous injection) averaged 2.8 [standard deviation (SD) 0.6] ug/ml, whereas that for kanamycin averaged 14.7 (SD 3.2) gg/ ml. None of the patients demonstrated any adverse effects from the low concentrations of the antibiotics during or after the study period.
Plasma concentrations at various times after intravenous injection of gentamicin and kanamycin in two typical hemodialysis patients are shown in Fig. 1 . The data usually showed a monoexponential pattern indicative of first-ANTIMICROB. AG. CHEMOTHER.
on November 12, 2017 by guest http://aac.asm.org/ Downloaded from order elimination of the antibiotics (equation 9). The plasma concentrations of antibiotic in the artificial kidney outflow were usually about 70 to 80% of the inflow concentrations for both drugs, an extraction fraction of 0.2 to 0.3. The extraction fraction did not appear to change with time which, along with the monoexponential behavior of the elimination curve, allowed characterization of the data using a one-compartment open model.
The pharmacokinetic parameters calculated from the gentamicin and kanamycin data using equations 9 and 10 are presented in Table 2 . The apparent volume of distribution for both drugs was approximately 20% of body weight. This agrees well with values obtained previously in studies of patients with normal renal function (8, 16, 20) . The clearance values and elimination rate constants were similar for both drugs and for all of the patients studied regardless of other variables present in the system (e.g., type of dialyzers, blood flow rate, pressure). The elimination constant (ke,) for gentamicin averaged 0.129 per h and the mean half-life (t½) was 5.7 h, whereas for kanamycin, similar keL and t% values of 0.152 per h and 4.9 h, respectively, were found. The renal clearance of both drugs, when kidney function was present, was usually less than 2 ml/min and did not contribute significantly to the total body clearance of the drugs in these patients.
The total body clearance of gentamicin was similar to the dialysance value. This suggests that gentamicin is eliminated almost entirely by dialysis (except for the slight amount excreted by the kidneys in some patients), with little or no metabolism occurring in these patients. The total body clearance of kanamycin appeared to be slightly greater than the dialysance of the drug. This may be due to either a metabolic-biliary mechanism of elimination of a small part of the dose or may reflect experimental variability in the data.
The dialysis data for the individual patients are summarized in Table 3 . The dialysance values for both kanamycin and gentamicin were relatively uniform, as expected from the similarity in chemical nature of the two aminoglycoside antibiotics. However, there was appreciable variability in the dialysance of creatinine. The dialysances of the aminoglycosides are shown in Fig. 2 in relation to the creatinine dialysances in these patients. No correlation was found between the dialysance of creatinine and the antibiotics (r = 0.14 and P t 0.5 for gentamicin; r = 0.30 and P v 0.6 for kanamycin No relationship was found between the dialysances of the aminoglycosides and creatinine. This finding differs from the observations of one other study (21) , whereas the range of drugcreatinine dialysance ratios (0.3 to 0.6) found in the present study is similar to that obtained in two other investigations. Riff and Jackson (21) found the dialysance of gentamicin to be 60% of that of creatinine in five patients treated with a Kolff-type single coil dialyzer. However, the method used to calculate the dialysance values was not stated. Christopher et al. (7), using a Kiil dialyzer, found gentamicin dialysance of 24 (SD 0.6) ml/min and a creatinine dialysance of 77 (SD 22) ml/min (for a ratio of about 0.31).
These values are similar to our average dialysance values (gentamicin = 31.1 ml/min and creatinine = 71.2 mlmin) and their variability is also consistent with our data (Fig. 2) .
In comparing literature reports of drug and creatinine dialysance values, the method of calculation which was employed is an important consideration. A proper dialysance equation requires use of an effective blood flow which is corrected for the patient's hematocrit and degree of drug binding to proteins. These factors account for the amount of drug in the blood which is not readily diffusible during hemodialysis. Falsely elevated dialysance values will be obtained if the total blood flow rate is used instead of the effective blood flow (QE). For example, if total blood flow had been used in the present study, the dialysance values generated would exceed the body clearance of the drugs, a physiologic and pharmacokinetic impossibility. Some about 10% of that in plasma (21) , and thus it is necessary to account only for plasma extraction of the antibiotic.}
In considering the basic physicochemical mechanism of hemodialysis, it is not unexpected that there is little direct correlation between aminoglycoside and creatinine dialysances in individual patients. Both kanamycin (molecular weight 582) and gentamicin (molecular weight 518) fall into the molecular weight classification of middle molecules (compounds with a molecular weight range of 300 to 2,000). It has been found (3) that the dialysance of middle molecules is more dependent upon the membrane surface area rather than dialysate flow (at rates above 200 ml/min) and blood flow, From the data presented in this study, it appears that measurements of creatinine dialysance cannot be used to accurately estimate the elimination rate of gentamicin and kanamycin. Therefore, general recommendations of dosage schedules of these antibiotics must be made based on the observed half-lives of the drugs. The half-lives of gentamicin and kanamycin were fairly similar in all of the patients of this study which facilitates this estimation.
From previous pharmacokinetic studies of patients with impaired renal function (6, 8, 16) , and from the small metabolic clearance values found in the present study, it can be assumed that an essentially anephric patient will have a t½ of 30 to 60 h for gentamicin during the intervals between hemodialysis periods. From similar studies done with kanamycin, it can be estimated that the t½ of kanamycin will be 24 to 48 h between dialysis periods (1, 20) . It is evident that there is wide variability in the half-lives of the aminoglycosides in functionally anephric patients. Thus, it can be estimated that if a loading dose of kanamycin or gentamicin is given at the end of a dialysis period, approximately three-fourths of that dose would be eliminated by the end of the next 6-h dialysis. Therefore, administering three-fourths of the loading dose after every 6-h dialysis should maintain therapeutic and non-toxic plasma concentrations in patients receiving dialysis 2 or 3 times per week. If dialysis is carried out for longer than 6-h, further dosage adjustments must be made based on the 5-to 6-h half-life.
The potential for ototoxicity from the aminoglycoside antibiotics is greatest upon prolonged treatment (22). Therefore, if the duration of therapy with gentamicin or kanamycin exceeds the usual range of 7 to 10 days, it is recommended that the plasma concentration of these antibiotics be checked to assure the maintenance of therapeutic and nontoxic body levels of the drug.
